[1] A new mean sea surface topography (MSST) is used to estimate the surface circulation of the subpolar gyre of the northwest Atlantic. The MSST is produced using a new geoid model derived from a blend of gravity data from the Gravity Recovery and Climate Experiment (GRACE) satellite mission, satellite altimeters, and terrestrial measurements. The MSST is compared with a topography produced by an ocean model which is spectrally nudged to a new Argo period temperature and salinity climatology. The mean surface circulation associated with the geodetic MSST is compared with estimates of the circulation from surface drifters, moorings, and other in situ measurements. The geodetic MSST and circulation estimate are found to be in good agreement with the other estimates, both qualitatively and quantitatively. The topography is found to be an improvement over an earlier geodetic estimate with better resolution of the coastal currents. Deficiencies are identified in the ocean model's estimate of flow over shelf regions. 
Introduction
[2] The dominant large-scale feature of the surface circulation of the northwest Atlantic is the subpolar gyre. This cyclonic circulation comprises a warm, salty poleward flow (an extension of the Gulf Stream) and a return fresh, cold flow along the shelf at the western edge of the basin [e.g., Lazier and Wright, 1993; Heywood et al., 1994] . The warm northward flowing currents are the North Atlantic Current and the Irminger Current, and the colder return currents are the East Greenland Current, the West Greenland Current, and the Labrador Current. A simplified representation of the circulation is shown in Figure 1 .
[3] The equatorward flowing currents of the subpolar gyre provide a pathway for the export of fresh water from high latitudes. Climate change may alter this freshwater flux, for example, changing sea ice cover, river discharge, Greenland melting, and the Arctic throughflow [Dickson et al., 2007] . Modeling studies indicate that an increase in the freshwater flux can increase stratification of the interior of the subpolar gyre, including the Labrador Sea. This may reduce deep water formation and hence the strength of the meridional overturning circulation [Gerdes et al., 2006; Stouffer et al., 2006; Smith and Gregory, 2009] . Smith and Gregory [2009] show that the effect is sensitive to the region of freshwater forcing, and Schmidt and Send [2007] construct freshwater budgets that show that the West Greenland Current is likely the dominant source of summer fresh water to the surface layer of the interior Labrador Sea. Monitoring the impact of climate change requires that we have an understanding of the circulation.
[4] Although some southern parts of the gyre are well sampled, oceanographic observations of much of the gyre have been infrequent and biased toward the summer months because of geographic isolation and winter ice cover [Bacon et al., 2008] . Several sections are regularly sampled, for example, the World Ocean Circulation Experiment (WOCE) AR7W line between the coasts of Labrador and Greenland, which is occupied annually by the Bedford Institute of Oceanography [Yashayaev, 2007] . Float deployments have been used to map the circulation and water properties, for example, the subsurface floats of the Labrador Sea Deep Convection Experiment [Lavender et al., 2000] . Other sampling is sporadic and sparse; for example, Fratantoni and Pickart [2007] note only a handful of observations in the northern Labrador Sea between 1990 and 2001. Estimates of the mean circulation based on such sampling may be seasonally biased, and there may be significant aliasing of low-frequency variability.
[5] This study considers two techniques for estimating the mean surface circulation of this region, potentially reducing the uncertainties associated with sparse in situ measurements. First, the mean sea surface topography (MSST), also known as mean dynamic topography and dynamic ocean topography, can be determined geodetically. The geoid is a level of equal gravitational potential which can be loosely defined as the mean sea level of the ocean at rest. In this study the geoid is modeled using a combination of measurements from the Gravity Recovery and Climate Experiment (GRACE) satellite mission, altimeters, and terrestrial gravity measurements. Subtracting the geoid from the mean sea surface height measured by satellite altimeters gives the MSST. The mean surface circulation is calculated from the gradients of the MSST, with no need for an assumed level of no motion. This approach was adopted by Rio and Hernandez [2004] , Bingham et al. [2008] , Thompson et al. [2009] , and others. Thompson et al. [2009] produced an estimate of the mean circulation in the northwest Atlantic which compared favorably with independent observations along the coast of Labrador, but there were significant differences in the area around Greenland. Our study uses additional gravity data from the coastal ocean off Greenland, together with improved quality control of the gravity data, to overcome the shortcomings of this earlier study.
[6] The second technique considered is to derive the mean surface circulation from temperature and salinity (TS) profiles measured by the Argo program of subsurface floats. Argo floats are drifting profilers which measure temperature and salinity to a depth of approximately 2000 m every 10 days. We reduce the effect of mesoscale variability in the Argo measurements using the method of Higginson et al. [2009] . The adjusted Argo TS data are used to produce a climatology. Unlike existing TS climatologies, this new climatology relates to the relatively short period from 2000 to 2009. In this sense the climatology is more correctly described as a decadal mean. Dynamic height and the surface circulation can be calculated from a TS climatology, but this requires either a known reference velocity or the unrealistic assumption of a level of no motion in the deep ocean. Instead, we spectrally nudge an ocean circulation model to the new climatology, thereby giving an oceanographic estimate of MSST and the surface circulation.
[7] The new estimates of MSST and their associated mean surface circulations are next compared and evaluated against independent sets of oceanographic observations. The most comprehensive set of observations is velocity measurements from the satellite-tracked surface-drifting buoys of the Global Drifter Program [Lumpkin and Pazos, 2007] . Additional direct velocity measurements are available from occasional oceanographic surveys, the regularly occupied sections such as AR7W, and moored buoys.
[8] This study has two key components that extend our understanding. First, the geodetically determined MSST incorporates additional gravity measurements to the data set used by Thompson et al. [2009] , predominantly around Greenland. This should give better resolution of the relatively narrow East and West Greenland currents. Second, the oceanographic MSST is estimated using a new TS climatology based on data specific to the period 2000-2009. Previous climatologies are based on multidecadal observations, but the TS structure of the Labrador Sea has been observed to vary on decadal time scales [Yashayaev, 2007] , so it is more appropriate to define the climatology for a shorter time period.
[9] The structure of the paper is as follows. The data and methods used for the geodetic estimate of MSST are described in section 2. The construction of the oceanographic estimate of MSST is discussed in section 3, together with a description of other oceanographic validation data. The comparison and evaluation of the two new estimates is described in section 4, and the new contributions from this study are discussed in section 5.
MSST From Altimeter and Gravity Observations
[10] In this section we describe the calculation of a geodetically determined MSST for the northwest Atlantic using a new geoid model and an altimeter-derived mean sea surface height. The mean sea surface (MSS) is described first, followed by the geoid model and then the resulting MSST.
Mean Sea Surface Height
[11] Satellite altimeters have been in orbit since the 1980s measuring the sea surface height relative to a reference ellipsoid. A continuous record exists since 1992 based on a number of missions, including the TOPEX/POSEIDON, ERS-1, ERS-2, and Jason 1 satellites. For this study we use the MSS_CNES_CLS10 mean sea surface product distributed by Archiving, Validation and Interpretation of Satellite Oceanographic data (Aviso). This MSS combines 16 years of altimeter data referenced to the 1993-1999 period and represents the geoid plus the MSST for this period. It is computed on a 1 10°g rid using altimeter data within a 200 km radius of each grid point. The resulting MSS, and an estimate of its error, are interpolated onto a nominal 1 30°g rid by Aviso. MSS values range from approximately −45 to +70 m in the region of this study, and the error estimate is typically less than 5 cm. Aviso relaxed the MSS toward an estimate of the geoid in the coastal zone (approximately 50 km from shore) because of the errors associated with satellite altimeter mea- Figure 1 . The major surface currents of the northwest Atlantic [after Lazier and Wright, 1993] . The labeled currents are the North Atlantic Current (NAC), the Irminger Current (IC), the East Greenland Current (EGC), the West Greenland Current (WGC), and the Labrador Current (LC). The grey lines are the 1000 and 3000 m isobaths. surements near coastlines. We adjust the altimeter measurements so that the MSS represents the geoid plus the MSST for the period 2000-2009, corresponding with the reference period of the oceanographic estimate of MSST described in section 3.
Geoid Model
[12] We use the Preliminary Canadian Geoid Model 2008, version I (PCG08I), one of a series of experimental geoid models developed at Natural Resources Canada. This model covers all of North America (10°N-90°N, 170°W-10°W ), but the focus of its development has been on Canadian territory and the neighboring oceans. For the rest of the study region Natural Resources Canada relies on data provided by external international agencies (e.g., U.S. National Geodetic Survey, U.S. National Geospatial-Intelligence Agency, and Danish Space Center), although additional validation procedures are applied.
[13] The geoid model is determined from a gravity field that is a composite of satellite gravity data, gravity derived from satellite altimetry, and terrestrial gravity data. The realization of the marine gravity grid for PCG08I follows the multistep approach described in Appendix A. The gridded gravity field represents an updated version of the grid published by Thompson et al. [2009] . The difference between the two grids exceeds 10 mGal in some areas around Greenland but is generally much less in other areas.
[14] The geoid model is computed from the gravity grid using the same methodology as described by Thompson et al. [2009] . The difference between the new model and the one used in their study exceeds 20 cm around the coast of Greenland (Figure 2 ) largely because of the use of newer Arctic Gravity Project (ArcGP) and altimeter-derived gravity grids. However, the difference is only a few centimeters along the Canadian east coast where basically the same gravity data set is used. The geoid errors range from a few centimeters to decimeters, but the total geoid error is mostly between 1 and 5 cm for the study area. A fuller description of the data sources, methods, and error estimation is included in Appendix A. Figure 3 . The appearance of the topography is largely as expected. The low of the cyclonic subpolar gyre is clearly visible to the south of Greenland, and the high associated with subtropical waters south of the Gulf Stream is just visible at the southern edge of the domain. It is encouraging that the new MSST is smoother than the topography produced by Thompson et al. [2009] , which contained a number of spurious features near Greenland.
[16] The mean surface geostrophic speed is calculated from the gradients of MSST G (Figure 4 , top right). This shows the shelf break current along the coasts of Greenland and Labrador with the Gulf Stream extension just visible around 45°W. The corresponding speed calculated from the gradients of the topography discussed by Thompson et al. [2009] , MSST GO , is shown in Figure 4 (top left). A number of unexpected circulation features appear north of 55°N which do not appear in the speed plot derived from MSST G .
Oceanographic Validation Data
[17] An ocean model and oceanographic observations are now used to estimate the MSST and the mean surface circulation.
Ocean Model Nudged to Observed Climatology
[18] Ocean models are prone to bias and drift because of, for example, inadequate resolution and poor boundary conditions. We use a technique developed by Thompson et al. [2006] which reduces bias and drift by nudging the model toward TS climatological values in prescribed frequencywave number bands (see below for details). They refer to this technique as spectral nudging.
[19] Existing climatologies, such as the global 1 4°W orld Ocean Atlas 2001 climatology and the North Atlantic climatology of Lozier et al. [1995] , are based on observations collected over many decades. Variability on interannual and decadal time scales may result in a climatology that does not correctly reflect conditions over a shorter time period. Here we use instead a monthly TS climatology that we construct using data collected by the Argo network over a 10 year period.
[20] The Argo network aims to maintain a global array of approximately 3000 drifting profilers. The floats cycle to a depth of 2000 m every 10 days, sending the resulting TS measurements to data centers via the Global Telecommunications System in near real time. The first floats were deployed in 2000, with full deployment in 2007, achieving the target average distribution of 3°spacing and measuring approximately 100,000 profiles each year. To reduce aliasing of mesoscale variability, we use the method of Higginson et al. [2009] whereby the Argo TS profiles are deeddied using satellite altimeter sea surface height anomalies. This method uses only the altimeter anomalies and Argo TS measurements and requires no prior knowledge of the mean. The deeddied Argo TS profiles are mapped to monthly 1 4°g rids corresponding to the model grid using an optimal interpolation scheme with a background based primarily on the World Ocean Atlas 2005 (WOA05) Locarnini et al., 2006] .
[21] The ocean model is based on version 2.3 of Nucleus for European Modelling of the Ocean (NEMO) with the Océan Parallélisé (OPA) ocean component [Madec et al., 1998 ] and Lovain-la-Neuve Sea Ice Model (LIM) sea ice component [Fichefet and Maqueda, 1997] . The model grid is a North Atlantic subset (5°N-68°N, 100°W-34°E) of a global tripolar grid with nominal 1 4°r esolution and a maximum of 46 levels in the vertical. The surface forcing is the Coordinated Ocean Research Experiments (CORE) normal year data set [Large and Yeager, 2009] and temperature, salinity, and transport are prescribed at the open boundaries from a global 1 4°m odel. To suppress model biases in temperature and salinity, the model has been spectrally nudged . The basic idea of this technique is to nudge the model's climatology toward an observed climatology in selected wave number and frequency bands (in this case the climatologically important frequencies of 0 and 1 cycles per year). Outside of these frequency bands the model state is not nudged and can evolve prognostically. For more details on the technique and its implementation see Wright et al. [2006] and Stacey et al. [2006] . The model is used to produce a time-mean sea surface topography (MSST M ) and associated mean surface geostrophic velocities. Total speed derived from MSST M is shown in Figure 4 (bottom left).
[22] The Argo data used to construct the TS climatology have no noticeable seasonal bias related to winter ice coverage. This is not surprising because the floats operate in waters deeper than 2000 m which, around southern Greenland and Labrador, are generally ice free.
Near-Surface Drifter Trajectories
[23] The Global Drifter Program is an array of satellitetracked surface-drifting buoys designed to provide observations of mixed layer currents and sea surface temperature [Lumpkin and Pazos, 2007] . The first large-scale deployments occurred in 1988, and the array achieved the target of 1250 drifters (an average 5°spacing) in 2005. The buoys are of various designs but mostly comprise a surface float attached to a drogue at 15 m depth. Data are transmitted via the ARGOS satellite system, with the drifter position inferred from the Doppler shift of its transmission as the satellite passes over. The data are quality controlled by the Drifter Data Assembly Center and are interpolated to a regular 1 4 day interval.
[24] For this study we analyze all drifter observations from 1991 to 2009. Drifters that have lost their drogue experience a greatly increased slip, and we exclude such drifters from this analysis. The remaining observations are adjusted for Ekman drift using the technique of Niiler and Paduan [1995] and wind data from the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis project [Kalnay et al., 1996 ]. The adjusted velocities are then binned and averaged on a 1 4°g rid (Figure 4 , bottom right). It should be noted that the adjustment technique of Niiler and Paduan [1995] is based on observations in the northeast Pacific Ocean, and extrapolating this approach to the subpolar Atlantic may reduce the accuracy of the Ekman correction.
[25] We also analyzed drifter observations from 2000 to 2009, corresponding to the Argo period, using a similar technique. The standard error of observations within individual bins is higher for this reduced data set. Allowing for this increased uncertainty, the resulting circulation was broadly similar to the full data set but with less complete coverage of critical regions. Accordingly, we will discuss the full data set for the remainder of this paper.
Regional Mooring and Ship-Based Observations
[26] There have been a number of recent regional studies which describe velocity observations made within the subpolar gyre. These include Sutherland and Pickart [2008] (the East Greenland Current and East Greenland Coastal Current), Fratantoni and Pickart [2007] (the West Greenland Current and Labrador Current), Myers et al. [2009] (the West Greenland Current), and Bacon et al. [2008] (the East and West Greenland Currents and the Labrador Current). While observations from these studies are biased toward the summer months and mostly relate to short time periods, they are useful for validating drifter observations, and they are discussed in section 4. In each case the current around the south of Greenland is close to the coastline, reflecting the narrow shelf in this region. The path of the Labrador Current is similar in each and follows the shelf break. The current follows the edge of the Grand Banks off of Newfoundland, with the North Atlantic Current entering the domain from the south at about 45°W. The current speeds are broadly similar for the MSST G and MSST M plots, but the drifter speed estimates appear to be a little higher. In order to provide a more detailed and quantitative comparison, we examine a number of smaller regions which are identified in Figure 5 .
Evaluation of the New Geodetic Estimate

East Greenland Current
[28] The East Greenland Current extends from the northeast of Greenland southward along the coast to Cape Farewell [Bacon et al., 2008] , but here we consider only the current south of Denmark Strait. The surface circulation is believed to comprise the main East Greenland Current (EGC) following the shelf break, with the Irminger Current (IC) alongside but farther offshore, and a narrower current (the East Greenland Coastal Current (EGCC)) on the shelf closer to shore [Sutherland and Pickart, 2008] . The IC carries high-salinity Atlantic-origin waters, whereas the EGC and EGCC contain low-salinity Arctic-origin waters. Sutherland and Pickart suggest that the EGCC is an inner branch of the EGC controlled by bathymetric steering, whereas Bacon et al. [2008] propose that it is a separate current formed mainly from sea ice melt.
[29] To examine the strengths and weaknesses of MSST G , we consider part of the East Greenland Current, the region labeled EGC in Figure 5 . Plots of current velocity vectors for each of the data sets are shown in Figure 6 . Figure 6 (top right) shows the mean surface currents estimated from drifters, and this is in broad agreement with recent descriptions of the current system [e.g., Sutherland and Pickart, 2008] . Two currents can be identified, the EGC following the shelf edge (shown in Figure 6 (top right) by the 700 m isobath) and the EGCC on the shelf much closer to shore. The two currents come together around 63°N where the shelf narrows, although other plots (not shown here) reveal that the currents separate again farther to the south. The EGCC reaches speeds in excess of 0.5 m s −1 , and the EGC is somewhat slower and broader. Figure 6 (top left) shows velocities derived from MSST G , and this shows a similar overall pattern. There is good agreement of current speed and position south of 63°N. To the north both currents are slower than the drifter estimates, and the EGCC is located farther from shore. This may Figure 6 . Estimates of the mean surface geostrophic flow for part of the East Greenland Current (62.5°N-65.75°N, 43°W-34°W, labeled EGC in Figure 5 ). Velocity vectors derived from the spatial gradients of (top left) MSST G and (bottom left) MSST M and from (top right) surface drifter observations. Vector size and color are related to speed. The black line shows the position of the section plotted in the bottom right plot, and the grey line is the 700 m isobath, representative of the shelf edge. (bottom right) Mean surface current speed normal to the section plotted on the previous plots derived from the gradients of MSST G (blue) and MSST M (red) and from the surface drifters (black). The grey shaded area is the error for the drifter estimate, calculated as 2 times the standard error of the sample mean. The bathymetry and distance from shore are plotted beneath. point to a weakness in the offshore gravity data in this area. Figure 6 (bottom left), derived from MSST M , shows the EGC in very good agreement with the drifter estimates, but the EGCC is almost absent. Weak along-shelf flow is a known deficiency of this model configuration, possibly due to the poor resolution of the climatology on the shelf, poor boundary conditions, or inadequate atmospheric forcing. The crosscurrent section of Figure 6 (bottom right) illustrates the broad agreement between the three estimates for the position of the EGC and the differences for the EGCC noted above.
[30] To provide a quantitative comparison, we provide statistics for MSST G , MSST GO , and MSST M (Table 1) . There is a reasonably high correlation between MSST M and MSST G (r = 0.79), but the standard deviation of the differences is also fairly high (13.6 cm). This is not surprising given the almost complete lack of the EGCC in MSST M . MSST G is a considerable improvement over the earlier geodetic estimate, MSST GO , described by Thompson et al. [2009] . The correlation between MSST GO and MSST M is 0.61, and the standard deviation of the differences is 18.1 cm, more than 30% higher than the corresponding figure for MSST G .
[31] We similarly calculate statistics of comparison for the alongshore component of the speeds derived from MSST G and the drifter estimates (Table 2 ; see footnote for details of the alongshore direction). As expected, the correlation between the drifters and MSST G is lower (r = 0.59), and the standard deviation of the differences remains high (16.0 cm s
−1
). However, MSST G is again shown to be an improvement over MSST GO . The correlation between MSST GO and the drifters is 0.47, and the standard deviation of the differences is 18.3 cm s −1 .
[32] A small shift in the position of a current may result in poor statistics of comparison and, as noted previously, there is a difference in the position of the EGCC between MSST G and the drifters on the shelf around 65°N. There are few direct observations of the EGCC in this area, and there are large uncertainties attached to the drifter estimates. Sutherland and Pickart [2008, section 3] include observations from summer 2004 close to 65°N, and they observe a jet between 25 and 30 km offshore. This is within the region close to shore where the geodetic technique is unable to accurately estimate MSST because of reduced accuracy of the satellite altimeter. On the other hand, their section does not extend out to the region where a jet is seen in the MSST G data, 80-100 km offshore. It is possible that MSST G is not observing the EGCC as defined by Sutherland and Pickart [2008] or that there is seasonality to the position of the current which they do not observe. This is an area for further study.
Cape Farewell
[33] Holliday et al. [2007] describe the circulation around Cape Farewell (the southernmost tip of Greenland) using data from a summer 2005 cruise. They find that the EGC and EGCC merge again into a single current where the shelf widens directly to the south of Cape Farewell, in agreement with drifter observations described by Cuny et al. [2002] . The combined flow turns toward the northwest to form the West Greenland Current (WGC) with a partial subsurface retroflection feeding a recirculation in the Irminger Sea. Clarke (Figure 7 , top left) follow a similar pattern, and the merged current has a mean speed of about 0.6 m s −1 . This is in good agreement with the drifters described by Cuny et al. The first five columns show the standard deviation (cm) of all grid points within each subdomain for MSST M , MSST G , and MSST GO and their differences. The final two columns are the correlation between MSST M and MSST G and between MSST M and MSST GO . The subdomains are shown in Figure 5 . Subdomains are East Greenland Current (EGC), Cape Farewell (CF), West Greenland Current (WGC), Labrador Current (LC), and Irminger Sea (IS). [2002], which ranged between 0.3 and 0.9 m s −1 over the shelf, and were a little faster than the subsurface measurements by Clarke [1984] . The currents derived from MSST M (Figure 7 , bottom left) follow a similar pattern, but speeds are lower, especially on the shelf. The section plot (Figure 7 , bottom right) shows good agreement south of Cape Farewell for all three estimates of the along-shelf current speed and position.
[35] The statistics of comparison for MSST G and MSST M (Table 1) show a high correlation (r = 0.92), and the standard deviation of the differences between the two fields (8.1 cm) is much lower than for the individual fields. Unlike the East Greenland Current region, MSST G in this region is only a small improvement over the earlier geodetic estimate, MSST GO . The correlation between MSST GO and MSST M is almost the same (r = 0.91), but the standard deviation of the differences is somewhat higher (11.9 cm).
[36] Similarly, statistics of comparison of the alongshore velocity components from MSST G and from the drifters (Table 2) show a high correlation (r = 0.84). There is only a small improvement in both correlation and standard deviation of the differences compared with MSST GO .
West Greenland Current
[37] The West Greenland Current extends from Cape Farewell northward along the west coast of Greenland. The current transports cold, fresh waters along the shelf and warmer, saltier waters (of Irminger Current origin) over the slope, with the strongest velocities over the shelf break [Fratantoni and Pickart, 2007] . There are few direct measurements of the current's velocity [Myers et al., 2009] [Cuny et al., 2002] .
[38] Figure 8 shows velocity plots for part of the West Greenland Current in the vicinity of Fylla Bank. The drifter velocity estimate (Figure 8, top right) shows a pattern similar to descriptions by, for example, Cuny et al. [2002] and Fratantoni and Pickart [2007] . The main West Greenland Current follows the shelf break, shown on these plots by the 700 m isobath, with mean speeds in the range 0.4-0.6 m s −1 . Bifurcation of the main jet can be identified, with branches of the current turning to the west approximately following the 3000 and 1500 m isobaths but somewhat slower than the coastal current.
[39] The velocity field derived from MSST G shows a similar path and speed for the shelf break current, although north of 64°N the current is much slower than the drifter estimate. This may be related to the seasonality of the drifter observations since the drifter speed estimate is derived from just 13 floats, 10 of which passed through the region during the ice-free months of July to December. There is no sign of a bifurcation at the 3000 m isobath on the MSST G plot, but there is a weak branch of the current following the 1500 m isobath. The speeds derived from MSST M are generally somewhat less than the other estimates, although the main current still follows the shelf break. The flow almost disappears north of 64°N, and flow on the shelf is very weak. The 1500 m bifurcation can be identified, although the current speed is somewhat less than the drifter estimate. The section (Figure 8 , bottom right) cuts across Fylla Bank, showing the main shelf break current and 1500 m isobath branch in the drifter speed estimates. There is reasonable agreement with the speeds from MSST G , but the coastal current estimated from MSST M is too weak.
[40] With broad agreement on the position and strength of the WGC, the correlation between MSST G and MSST M is quite high (Table 1 , r = 0.82). The standard deviation of the differences (10.3 cm) is much lower than the standard deviation of either MSST G or MSST M . These values are a significant improvement over the statistics comparing MSST GO and MSST M (r = 0.73 and standard deviation of differences is 14.2 cm).
[41] The correlation between MSST G and the drifters is somewhat lower (Table 2, r = 0.66), and the standard deviation of the differences remains high (13.4 cm s −1 ). This is, at least partly, due to the relative strength of the bifurcation flows and the WGC north of 64°N in the drifter estimate. (For example, the correlation is higher when the area north of 64°N is excluded.) There are few observations in this region, but it is interesting that an analysis of surface drifters by Cuny et al. [2002, Figure 4b ] shows a surface circulation very similar to the MSST G estimate. Their analysis indicates a rapid slowing of the WGC around 64°N and bifurcation speeds mostly 10 cm s −1 or less. It is possible that the drifter analysis, based on a small number of observations, has overestimated the current speed in some areas and that MSST G is a better representation of the mean circulation.
Labrador Current
[42] Flow from the West Greenland Current turns to the south as it reaches the Labrador shelf, joining waters exiting Davis Strait and Hudson Strait to form the Labrador Current [Loder et al., 1998 ]. The current continues southward as far as the Grand Banks, bifurcating at the Tail of the Banks with part of the flow continuing southward and part joining the North Atlantic Current.
[43] The Labrador Current has been the subject of more intensive observation than the East and West Greenland Currents. For example, Lazier and Wright [1993] describe the structure and seasonality of the current around Hamilton Bank using data collected over 10 years from oceanographic sections and moorings. They describe the main current (61°N-65°N , 58°W-50°W, labeled WGC in Figure 5 ). The grey lines are the 700, 1500, and 3000 m isobaths. located over the shelf break, with a maximum surface speed of 0.28 m s −1 , and a smaller inshore branch of the current, located over the shelf between Hamilton Bank and the coastline, peaking at 0.12 m s −1 . Colbourne et al.
[1997] calculate a speed in excess of 0.3 m s −1 relative to flow at 500 m depth for the shelf break current near Hamilton Bank using TS data collected over more than 40 years and a speed of less than 0.1 m s −1 for the inshore branch. Lazier and Wright [1993] observe seasonality to the current velocity, with a maximum in October and a minimum around March and April.
[44] Figure 9 shows velocity plots for the region around Hamilton Bank. The plot derived from MSST G (Figure 9 , top left) shows the main shelf break current with mean speeds in the range 0.3-0.6 m s −1 and branches flowing onto the shelf on either side of Hamilton Bank with speeds of 0.1-0.3 m s −1 . The structure of the currents and the speeds are in good agreement with the drifter estimates ( Figure 9 , top right), although the drifter speeds are a little higher in places. There is good agreement for flow onto the shelf south of Hamilton Bank, but the drifter data set includes insufficient measurements to estimate velocities in the shallow water between the bank and the coast. The currents derived from MSST M show a similar structure, although speeds are generally lower. The cross-current section, which is just to the south of Hamilton Bank, shows good agreement between all three estimates for the position and speed of the main shelf break current.
[45] Correlation between MSST G and MSST M is high (Table 1 , r = 0.97), and the standard deviation of the differences is low (4.5 cm). This correlation is identical to that between MSST GO and MSST M , which is to be expected since the geoid used by Thompson et al. [2009] incorporates much the same gravity data for this region as the new geoid. Similarly, statistics comparing MSST G and the drifters (Table 2) show that the correlation is fairly high (r = 0.81), and this is only a slight improvement over MSST GO (r = 0.77).
[46] Bacon et al. [2008] suggest that the current on the shelf exists as a separate current system rather than a branch of the main Labrador Current, possibly originating with coastal meltwaters. However, all of our estimates show flow onto the shelf near 55°N and again near 54°N, indicating that the coastal current is at least partially formed from Labrador Current waters.
Irminger Sea
[47] For completeness we also include statistics of comparison for an area of open ocean within the Irminger Sea. This region was noted by Thompson et al. [2009] as one of the areas where their MSST contains spurious features because of poor gravity data in the geoid model. [48] Correlation between MSST G and MSST M is high (Table 1 , r = 0.89) and a significant improvement over MSST GO (r = 0.74) . The standard deviation of the differences is reduced from 8.0 cm for MSST GO to 4.7 cm for MSST G . The correlation between MSST G and drifters is much lower (Table 2 , r = 0.20), albeit an improvement over MSST GO (r = 0.12) . This is a region of low current speeds, but the drifter estimate has high variability, and this may account for the low correlation. MSST GO includes many erroneous circulation features which do not appear in MSST G . The standard deviation of the zonal current estimates from MSST G is 2.9 cm s −1 , significantly less than the corresponding figure for MSST GO (8.3 cm s −1 ).
Discussion
[49] This study uses two techniques to produce estimates of the mean sea surface topography of the subpolar gyre. First, we extend the work of Thompson et al. [2009] , who used satellite and terrestrial gravity measurements to produce good estimates of the Gulf Stream and Labrador Current. However, there were spurious circulation features around Greenland, caused, for example, by high wave number variability in the geoid south of Iceland, and the narrow coastal currents around Greenland were poorly resolved.
[50] This study uses improved gravity data and improved quality control. A visual comparison of the velocity estimates from the new mean sea surface topography (MSST G ) and those obtained from surface drifters and oceanographic observations indicates good agreement. The main features of the subpolar gyre surface circulation are apparent, and the current speeds are generally consistent with other estimates. The MSST is much improved around Greenland. The spurious circulation features apparent in the earlier work are no longer present, and the resolution of the coastal currents is improved, including the narrow (20-40 km wide) East Greenland Coastal Current.
[51] A quantitative comparison of the old and new geodetic topographies shows small improvements in the correlation of the geodetic topography with the model estimate in the Labrador Current, as expected given the minor changes to the gravity data in this region. Much larger improvements are seen around Greenland, where the gravity data were revised more extensively. For example, the correlation between MSST G and drifters for alongshore currents in the East Greenland Current region shown in Figure 5 increases from 0.47 for the old topography to 0.59. In the West Greenland Current the standard deviation of the differences between the new geodetic estimates of alongshore velocity and the drifter estimate is reduced by more than 25% compared with the Thompson et al. [2009] estimate.
[52] Second, we produce an estimate of the MSST using an ocean model spectrally nudged to a new Argo period TS climatology. Comparison of velocities derived from MSST G and from the ocean model (MSST M ) shows broad agreement in deeper waters over the shelf slope. However, there is frequently poor agreement in shallow water on the shelf, with MSST G in closer agreement with drifter and other estimates. This may be because the climatology used to nudge the model incorporates Argo data but defaults to the relatively low resolution WOA05 climatology in shallow water where Argo does not operate.
[53] One of the attractions of using these techniques to study the circulation is the possibility of obtaining multiyear mean values across a large geographic area. The altimeter and drifter measurements used in this study are subject to a seasonal observation bias (see Appendix B), which may lead to a bias in the mean circulation estimates. However, we have repeated the quantitative comparison of the topographies using data restricted to the ice-free seasons, and it does not seem to significantly alter the results for the scales and relatively short data record examined here.
[54] An interesting observation from these results is that MSST G shows flow between the main Labrador Current and the coastal current. This indicates that the coastal current is, at least in part, formed as a branch of the main current rather than being of separate origin. A similar possibility arises with the East Greenland Current. There is some indication of flow between the main current and the coastal current in the estimate from MSST G , but it is a little less clear than for the Labrador Current. This may be the result of a weakness in the terrestrial gravity data or the nearshore altimeter data.
[55] In conclusion, this study provides further evidence that a geodetic approach using both GRACE and terrestrial gravity data provides a realistic estimate of the mean sea surface topography. The resulting mean surface circulation speed estimates are comparable with in situ measurements, and relatively small circulation features such as the East Greenland Coastal Current are resolved. The circulation close to shore may be improved by future improvements in the processing of altimeter data in the coastal zone. New gravity data will be available soon from the Gravity Field and SteadyState Ocean Circulation Explorer (GOCE) satellite mission, and this should also lead to improvements in the accuracy of the geoid and the large-scale circulation estimates in future work. It is likely, however, that terrestrial gravity data will still be required to resolve the smaller-scale circulation features.
Appendix A: The PCG08I Geoid Model
[56] The marine gravity field of PCG08I is defined on a 2 min by 2 min grid. It makes use of shipboard gravity data, six gravity models derived from satellite altimetry, and the Arctic Gravity Project 2008 (ArcGP08) data set (http:// earth-info.nga.mil/GandG/wgs84/agp/readme_new.html). The six altimetry-derived gravity models are GSFC00 [Wang, 2001] , CLS01 (CLS, France), NTCU01 [Hwang et al., 2002] , KMS02 [Andersen et al., 2005] , DNSC08 [Andersen et al., 2010] , and Sandwell and Smith v9 [Sandwell and Smith, 2009] .
[57] The realization of the marine gravity grid for PCG08I follows a multistep approach. As a criterion each step fills only grid nodes that are undefined; that is, the nodes filled by preceding steps retain their values at each step. The whole approach consists of seven steps:
[58] 1. The shipboard gravity data are compared to each altimetry-derived gravity model. If the difference at a node is 2 mGal or less, then the two values are averaged and the mean value is used.
[59] 2. The gaps along the Atlantic coast of Canada (Labrador, Newfoundland, and Nova Scotia) are filled with the dense shipboard gravity data set.
[60] 3. The eight gravity data sets (shipboard, six altimetryderived models, and ArcGP08) are averaged, and the mean is used if the range of the eight data are equal to or less than 5 mGal.
[61] 4. The three data sets (shipboard, ArcGP08, and DNSC08) covering most of the Arctic region are averaged when the data range is equal to or less than 5 mGal.
[62] 5. The six altimetry-derived grids are averaged, and the mean is kept if the range of the six values at a node is within 3 mGal.
[63] 6. The mean value between ArcGP08 and DNSC08 is used in the gravity grid if the difference is equal to or less than 5 mGal.
[64] 7. Finally, the remaining undefined nodes over the oceans are determined from the DNSC08 altimetry-derived gravity model.
[65] The resulting model is a comprehensive combination of different mean gravity values. For the coast of Labrador, the gravity data are either mean values between shipboard data and altimetry-derived gravity data or shipboard data. For the coast of Greenland, the gravity nodes are not only mean values between shipboard data, altimetry-derived gravity data, and ArcGP08, but also, in large portion, DNSC08 gravity data. The previous grid used ArcGP03 over and around Greenland, shipboard data along the Canadian east coast, and GSFC00 over vast unfilled ocean areas.
[66] The geoid model is computed using the same methodology as described by Thompson et al. [2009] . EGM08 [Pavlis et al., 2008] is truncated to spherical harmonic degree and order 360 and combined with the PCG08I gravity grid to realize the 2 min by 2 min resolution geoid model. The computational process makes use of the remove-restore approach with a degree 90 modified degree-banded Stokes kernel [Huang et al., 2007] . The low-degree part of EGM08 (degree 2 to degree 90) is dominated by the GRACE data. Thus, the resulting PCG08I model is defined on the GRACE gravity field for the low-degree components.
[67] The geoid error is the combination of the EGM08 commission error and terrestrial gravity data error. The EGM08 commission error estimated from its error coefficients is approximate because the full covariance matrix of the coefficient is not publicly available. The error of lowdegree components (<90) of geoid model is less than 3 cm, while the error of high-degree components (>90) of EGM08, which affect the geoid model through the far-zone contribution, is about 0.4 cm. The terrestrial gravity data contribute the largest error source in the realization of the PCG08I model. The errors range from a few centimeters to decimeters. The total geoid error is mostly between 1 and 5 cm for the study area. The approach for estimating geoid error is described by Huang et al. [2007] .
Appendix B: Seasonality of Observations
[68] Most observations of the circulation of the subpolar gyre were made during the summer months when there is little or no ice coverage. Where observations have been year-round, seasonal variations in current speed have been observed. For example, Lazier and Wright [1993] observed seasonal variability in the Labrador Current with a maximum in October and a minimum in April. The alongshore surface current speed varies by a factor of 2 between the minima and maxima, and they speculate that this is caused by buoyancy forcing with ice melt and river runoff contributing fresh water to the system during the spring and summer. It is possible that the current descriptions of the circulation, being largely based on summer observations, incorporate a seasonal bias.
[69] MSST G is intended to represent the mean field, but it is derived from the mean sea surface and there is a bias to the altimeter measurements from which this is constructed. Satellite altimeters are unable to measure sea surface height where there is old, multiyear ice, and so there will be fewer measurements in areas of sea ice than in ice-free areas. A plot of all altimeter tracks for the months of April and October 2008 ( Figure B1 ) shows measurement-free areas along the east coast of Greenland and Labrador during April, corresponding with the typical extent of sea ice.
[70] The validation data sets, MSST M and the surface drifters, are similarly intended to represent the mean annual circulation. MSST M is produced using a TS climatology derived from Argo float measurements. Since these floats are restricted to the (largely) ice-free waters deeper than 2000 m, seasonal ice should not be an issue, although the background may include an inherent bias. Plots of the observation density of the surface drifters ( Figure B2 ) show there to be fewer drifters on the ice-prone East Greenland and Labrador shelves during the winter months. [71] We have repeated the quantitative comparison of each of the topographies and the resulting estimates of surface circulation using only data from the ice-free season, and this shows little change to the results. Although there may be a seasonal bias in data contributing to MSST G , MSST M , and the drifter estimates, it seems that, at the scales considered in this study, seasonality is not an issue. For future work at finer resolution this may become a concern, particularly for studies of the coastal currents on the shelves where ice forms. 
